Although homologous recombination (HR) is known to influence the structure, stability, and evolution of microbial genomes, few of its functional properties have been measured in cells of hyperthermophilic archaea. The present study manipulated various properties of the parental DNAs in high-resolution assays of Sulfolobus acidocaldarius transformation, and measured the impact on the efficiency and pattern of marker transfer to the recipient chromosome. The relative orientation of homologous sequences, the type and position of chromosomal mutation being replaced, and the length of DNA flanking the marked region all affected the efficiency, linkage, tract continuity, and other parameters of marker transfer. Effects predicted specifically by the classical reciprocal-exchange model of HR were not observed. One analysis observed only 90 % linkage between markers defined by adjacent bases; in another series of experiments, sequence divergence up to 4 % had no detectable impact on overall efficiency of HR or on the co-transfer of a distal non-selected marker. The effects of introducing DNA via conjugation, rather than transformation, were more difficult to assess, but appeared to increase co-transfer (i.e. linkage) of relatively distant non-selected markers. The results indicate that HR events between gene-sized duplex DNAs and the S. acidocaldarius chromosome typically involve neither crossing over nor interference from a mismatch-activated anti-recombination system. Instead, the donor DNA may anneal to a transient chromosomal gap, as in the mechanism proposed for oligonucleotidemediated transformation of Sulfolobus and other micro-organisms.
INTRODUCTION
Homologous recombination (HR) appears to be universal among cellular organisms, and multiple forms, or pathways, of HR operate within individual species of bacteria (Kreuzer, 2005; Michel et al., 2001 ) and eukaryotes (Allers & Lichten, 2001; Aylon & Kupiec, 2004; Haber et al., 2004) . Both ubiquity and mechanistic diversity are consistent with the fundamental roles HR is believed to play in supporting timely replication and partitioning of genomes. Diversification of HR systems is most obvious across the three domains of cellular life (Woese et al., 1990) . Archaeal recombinases and various HR-associated enzymes of archaea specifically resemble the eukaryotic, rather than bacterial, homologues (Brendel et al., 1997 , Constantinesco et al., 2004 . The ssDNAbinding proteins of euryarchaeotes resemble eukaryotic replication proteins A (RPA)s whereas those of crenarchaeotes resemble bacterial single-stranded binding proteins (SSBs) (Kerr et al., 2003; Rolfsmeier & Haseltine, 2010) . Furthermore, genes for several HR proteins which can be deleted from bacteria and eukaryotes are essential in hyperthermophilic archaea (Fujikane et al., 2010; Zhang et al., 2013) , suggesting that, in archaea, these proteins play unusually important roles.
Despite its evolutionary and mechanistic significance, HR has been examined much less extensively in archaea than in eukaryotes and bacteria, especially with respect to functional properties in vivo. Because recombination mutants of hyperthermophilic archaea remain unavailable, manipulation of DNA substrates provides a practical route to functional analysis of HR in these micro-organisms. The present study varied the form of DNA substrates in order to probe HR function in S. acidocaldarius; the responses generally did not conform to the double-strand-break repair (DSBR) pathway or mismatch-directed antirecombination normally associated with eukaryotic and bacterial HR but were consistent with oligonucleotidemediated transformation (OMT) mechanisms.
METHODS
Strains and growth conditions. Strains used in this study are listed in Table 1 . S. acidocaldarius pyrE mutants were cultured in uracilsupplemented xylose-tryptone medium (Grogan & Gunsalus, 1993) and were electroporated as described previously (Grogan & Rockwood, 2010) . Recombinants were selected on xylose-tryptone plates lacking uracil, streaked for isolation on the same medium, and cryo-preserved.
Genetic constructs and recombination substrates. Plasmid pSaPEv3 (Grogan & Rockwood, 2010) (Fig. 1a) is the cloning vector pCRII (Invitrogen) carrying the S. acidocaldarius pyrE sequence (also known as Saci_1597) (Chen et al., 2005) modified with a total of 28 synonymous base pair substitutions (BPSs) spaced throughout the coding sequence, and was produced commercially (Integrated DNA Technologies). Plasmid pJR4 has a similar insert which includes additional 550 bp of native sequence on both sides of pyrE. To construct pJR4, a 1.785 kb segment of the S. acidocaldarius chromosome spanning the pyrE gene and flanking regions was amplified from Pyr + transformant r64, which contains synonymous BPSs from pSaPEv3 (Grogan & Rockwood, 2010) . PCR used primers SaBEFxhof1 and SaBEFxhor1, which added XhoI sites to the ends of the product (Table 1) . XhoI digestion of the product, SalI digestion of pUC19, ligation and transformation yielded pUC19 carrying the S. acidocaldarius chromosomal interval, as confirmed by EcoRI, BspEI and HphI digestions, and sequencing.
A series of 462 bp recombination substrates used to assess the impact of mismatches consisted of PCR products made from different genomic DNA templates. Substrate C, which contained no scorable marker or mismatches, used primers JRset1 fwd, MM HR rev, and DG185 genomic DNA (Table 1) . Substrates 0, II, V, VI and XVI were amplified from Pyr + transformants containing phenotypically silent pyrE mutations (Table 1) . One of these transformants, DM3, was constructed by transforming strain MR31 with PCR product amplified by primers HindIII JR and JRset1rev from DG185 genomic DNA. Incorporation of the scorable HindIII site without additional mutations was confirmed by restriction assays and Sanger sequencing.
Genetic methods. Unmethylated plasmid was produced in E. coli strain DH5a, whereas methylated (SuaI-protected) was produced in E. coli strain ER1821 [pSaPEv3, pM.EsaBC4I] (Grogan, 2003) . Plasmid DNA was purified by batch chromatography (Qiagen midi-prep kit, Qiatip 100 column); purity was confirmed by gel electrophoresis, and methylation of all GGCC sites was confirmed by complete resistance to excess HaeIII (Grogan, 2003) . To generate various linear forms of methylated pSaPEv3, the methylating plasmid (pM.EsaBC4I) was first removed by digestion with SspI, followed by alkaline denaturation, renaturation, and 2-propanol precipitation. Each linearization experiment (Fig. 1d ) treated identical aliquots of the resulting DNA preparation with approximtely 10-fold excess of restriction endonuclease; the control aliquot received buffer NEB3 (New England Biolabs) but no endonuclease. After incubation, all DNAs were de-salted in centrifugal concentrators; completeness of digestion and quantity of DNA recovered were confirmed by gel electrophoresis. J. Rockwood and others PCR products were purified from primers by Sure-Clean precipitating reagent (Bioline, Inc.). Conjugation assays followed the procedure of Hansen et al. (2005) . To score markers in recombinants, a 995 bp interval encompassing the pyrE region was amplified by primers JRset1fwd and JRset1rev. For some analyses, the alleles in the resulting PCR product were scored via restriction digestion; in all other cases, the PCR products were sequenced by the dye-terminator method. Quantitative analyses, including statistical methods, were performed in standard spreadsheet programs (Excel, Quattro Pro).
RESULTS
A quantitative molecular assay of recombination in Sulfolobus
In previous work (Grogan & Rockwood, 2010) , we developed an assay that measures the transfer of multiple genetic markers from a donor DNA to the S. acidocaldarius chromosome. The donor consists of a functional pyrE sequence marked by a series of synonymous substitutions spaced at regular intervals; it is introduced, either as a linear segment or as part of a plasmid that cannot replicate in Sulfolobus, into cells of a stable pyrE (uracil-auxotrophic) mutant. The primary route to restoring gene function in the recipient is therefore through HR events that replace the chromosomal pyrE mutation with the corresponding donor sequence; this selected marker is accompanied by a variable number of non-selected (phenotypically silent) markers. Scoring these donor markers in each recombinant identifies which segments of pyrE were transferred; all the markers engineered into the donor DNA were confirmed to transfer successfully (Grogan & Rockwood, 2010) .
Circularity and orientation of donor sequences
Evidence of both reciprocal and non-reciprocal pathways of HR in Sulfolobus species has been reported: transformation of S. acidocaldarius by short oligonucleotides (Grogan & Stengel, 2008; Mao & Grogan, 2012) , implies a non-reciprocal (geneconversion) pathway on mechanistic grounds, whereas integration of circular DNAs targeted by inserts of host sequence (Wagner et al., 2009 ) implies reciprocal strand exchange (crossing over) via the well-studied DSBR pathway (Allers & Lichten, 2001; Aylon & Kupiec, 2004; Haber et al., 2004) . In attempts to detect integration via crossing over in S. acidocaldarius, we constructed an E. coli plasmid bearing a heterologous selectable marker (pyrE of S. solfataricus) separated from a non-essential region of the S. acidocaldarius chromosome providing a site for integration. This construct failed to transform strain MR31, however, prompting us to examine other recombination assays for evidence of crossing over.
In previous studies (Kurosawa & Grogan, 2005; Grogan & Rockwood, 2010) , pyrE-containing plasmids (Table 1 ) generated recombinants efficiently when electroporated into S. acidocaldarius without prior protection against the SuaI RM system, which cleaves unmethylated GGCC sites (Prangishvili et al., 1985; Grogan, 2003) . The implications of this can be illustrated by plasmid pSaPEv3, which contains a complete pyrE gene in a standard bacterial cloning vector (Fig. 1a) . Since the vector portion of this construct contains 23 SuaI restriction sites (vs none in the pyrE region), the DNA is predicted to linearize in vivo before it can recombine with the recipient chromosome. The linear form, comprising an intact pyrE region flanked by short non-homologous segments, should not favour the reciprocal-crossover (DSBR) pathway of recombination, because preserving genome integrity requires two crossovers, which must be essentially simultaneous (Fig. 1b) . This reasoning also predicts that preserving pSaPEv3 circularity in vivo would increase transformation efficiency over 'ends-out' forms (whether produced artificially before electroporation, or after electroporation by endogenous restriction). This is predicted even if the integrated configuration (Fig. 1b) did not support pyrE expression, because the circular donor would allow the two requisite crossovers to occur sequentially over some period of time (perhaps as long as a few generations, depending on the timing and severity of selection). The DSBR model predicts further that cutting the construct only once within the pyrE sequence ('ends-in form') would produce even more recombinants than the circular form, by stimulating the first (integrating) crossover (Orr-Weaver & Szostak, 1983; Hastings et al., 1993) .
To test these predictions, we protected pSaPEv3 DNA against the native restriction endonuclease SuaI (Prangishvili et al., 1985) by cognate methylation in E. coli (Grogan, 2003) . The resulting preparation was divided into three portions, and each was treated to produce a distinct form of DNA: (i) uncut, (ii) EcoRI-cut, and (iii) HindIII-cut (Fig. 1a) , corresponding to (i) circular DNA containing the pyrE gene, (ii) linear pyrE with short vector sequences at both ends ('ends-out' with flaps), and (iii) linear pyrE ending in pyrE sequences ('ends-out'). Substrate (ii) approximates the pyrE fragment generated by complete SuaI digestion of unmodified plasmid.
In parallel transformations, uncut pSaPEv3 produced roughly 10 % of the transformants of the EcoRI-or HindIII-digested forms, in line with the earlier observation that GGCC methylation decreased the transformation efficiency of a circular pyrE construct (Kurosawa & Grogan, 2005) . Marker analysis further showed that the circular form co-transferred non-selected (silent) markers from pSaPEv3 with lower efficiency than the linear (excised-pyrE) forms did. Donormarker frequency decreased with increasing distance from the selected marker for all three forms (Fig. 1c) , but the decline was steeper for the uncut form of the plasmid. The difference is confirmed quantitatively by the ratio of unselected donor markers transferred to total unselected sites scored, a measure we term the 'linkage index' (Table 2 ). This index is significantly lower for transformants of uncut plasmid than for both the EcoRI-and HindIII-excised pyE segments, whereas the two excised forms gave statistically equivalent linkage indices (Table 2 ). Additional analyses showed that the uncut (circular) DNA also yielded significantly shorter recombination tracts than either linearized form did; it also yielded a greater number of tracts composed of a single The first column of each set represents the control condition; asterisks indicate statistical significance of the experimental value (*, P,0.05; **, P,0.01; ***, P,0.001). DRatio of non-selected donor-marker transfer events to non-selected sites scored across all recombinants. dSignificance by x 2 test. §Significance by two-tailed t-test assuming unequal variances.
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Microbiology 159 marker, a feature which we term an 'isolated marker' (the two linearized forms were statistically indistinguishable; Table 2 ).
In organisms that integrate circular, non-replicating DNAs via DSBR, transformation efficiency increases orders of magnitude if the circle is cut within the homologous sequence to produce a configuration commonly called 'ends-in' (Orr-Weaver & Szostak, 1983; Hastings et al., 1993) . We tested for a similar effect in S. acidocaldarius by digesting SuaI-protected pSaPEv3 with BstZ17I. This endonuclease cuts the plasmid only once, within pyrE, and leaves significant lengths of chromosomal sequence on both sides of the cut (Fig. 1a, d) . Unexpectedly, BstZ17I digestion did not increase transformation yields relative to uncut (circular) DNA, whereas an additional cut that excised the region including the selected marker (made by EcoRI or HindIII) did increase the yield (Fig. 1d) . The latter results confirmed that failure of BstZ17I to stimulate recombination was not due to the removal of too much chromosomal sequence from the right-hand (39) side of the selected marker (Fig. 1d) . The results further suggested that extensive vector sequence attached to the opposite (59) side of the selected marker somehow impeded its transfer to the S. acidocaldarius chromosome.
Additional treatments investigated the basis of this apparent requirement of excision, rather than mere linearization, for maximal HR efficiency. The first of these cut BstZ17I-linearized plasmid in the central region of the vector, thereby discarding the second pyrE end (Fig. 1d ). This additional cut had little effect, suggesting that the 'ends-in' configuration was not intrinsically inhibitory to HR. The second treatment used HpaI to generate a different 'ends-in' form of the plasmid, i.e. one having the double-strand break on the lefthand (59) side of the selected region. The resulting DNA transformed S. acidocaldarius with relatively high efficiency (Fig. 1d) . Thus HpaI-and BstZ17I-linearized plasmids, differed significantly, despite the similarity of their configurations. The results of Fig. 1d thus combined to suggest a polarity or asymmetry of HR in which (i) only the 59 end of the donor pyrE region interacts productively with the recipient chromosome, and (ii) long, non-homologous sequences at this end of the DNA inhibit the interaction (Fig. 1d) .
Location and molecular nature of the selected marker
In HR assays based on restoration of pyrE function by transformation, the mutation that inactivates pyrE in the recipient chromosome defines the selected marker in the donor DNA. In order to vary the selected marker, we electroporated the marked pyrE gene of pSaPEv3 into three different recipient strains and selected Pyr + transformants. In strain MR31 this selects 18 bp in the 59 half of the gene (pyrE bp 154 through 171), in strain MR123 it selects 26 bp in the 39 half of pyrE (bp 385 through 410) and in JDS10 it selects bp 446-447, also in the 39 half of pyrE. In each case, independent Pyr + transformants were clonally purified, and the pyrE gene of each was analysed for donor DNA markers.
As shown in Fig. 2(a) , shifting the selected region altered quantitative parameters of the transfer pattern. Strains MR123 and JDS10 yielded narrower peaks of non-selected donor markers than seen with MR31 (Fig. 2) . Furthermore, co-transfer with the selected marker (as measured by the linkage index) declined 30 % and 35 % with MR123 and JDS10, respectively (Table 2) , and recombination tracts were shorter. The greatest change, however, was seen in the frequency of isolated markers, which increased by a factor of seven in JDS10 recombinants relative to MR31 recombinants (Table 2) , indicating markedly 'patchier' recombination. Furthermore, six JDS10 transformants did not incorporate the silent donor marker at pyrE position 447, despite the fact that this position is adjacent to the selected marker and that donor markers elsewhere in pyrE were incorporated.
Length of flanking sequence
Although very short flanking regions can support marker transfer to the S. acidocaldarius chromosome (Grogan & Stengel, 2008) , the impact on recombination of lengthening the flanking regions had not been evaluated in this system. The original construct (pSaPyrEv3) provided negligible sequence outside of pyrE that support HR (Fig.  1a) . We therefore tested the effects of longer flanking sequences by constructing plasmid pJR4, which retained non-selected markers within pyrE while adding approximately 550 bp to both sides of the coding sequence. The longer flanks caused higher transfer of non-selected markers over the length of pyrE (Fig. 2b) , as was confirmed in quantitative terms ( Table 2 ). The higher linkage was not due to increased continuity of recombination tracts, however, as shown by increases both in the number of donor tracts, and the number of isolated recipient markers, per recombinant (Table 2) .
Mechanisms controlling the fidelity of recombination
Homologues of the E. coli MutSL proteins regulate the process of HR in bacteria and eukaryotes. If these proteins detect mismatches in the heteroduplex that forms during HR, they initiate a process (not completely understood) which aborts recombination. This anti-recombination function is not a generalized destabilization of the heteroduplex by mismatches; it is triggered by low levels of sequence divergence, and requires both MutS and MutL function (Datta et al., 1997; Li, 2008) . Sulfolobus and all other hyperthermophilic archaea encode no MutSL homologues, but it is not known whether any Sulfolobus proteins function analogously, actively blocking HR between slightly diverged sequences. We therefore devised a functional assay to test for such inhibition of HR in S. acidocaldarius. In this assay, strain MR31 was transformed with a series of PCR products having identical length but different numbers of silent point mutations near the selected region of pyrE (Fig. 3) . The yield of Pyr + transformants from each donor DNA thus measured the relative efficiency of recombination as a function of sequence divergence, while the proportion of recombinants acquiring the distal non-selected marker measured cotransfer with the selected marker.
As shown in Fig. 3 , introducing multiple mismatches between the recombination substrates had no significant impact on overall efficiency of transferring the selected marker, nor on co-transferring silent markers with it. One set of substrates (Fig. 3a) varied the number of mismatches between the selected and scored marker from zero to seven, whereas another introduced a total of 16 mismatches in the region (Fig. 3b) . The only impact in the latter case was an apparent decrease of overall transformation efficiency, which was not statistically significant, however (Fig. 3) . Thus, increasing the local sequence divergence up to 4.1 % had no significant effect on HR between the linear DNAs and the S. acidocaldarius chromosome. Comparing these results to those obtained by similar assays in eukaryotes and bacteria underscores the distinctiveness of S. acidocaldarius, which is the only organism in which HR is unaffected by 4 % divergence (Table 3) .
DNA transfer by conjugation
S. acidocaldarius expresses constitutively a conjugation system which requires type-IV pili (Ajon et al., 2011) ; this system provided the first quantitative genetic assay of HR in a Sulfolobus species (Grogan, 1996; Hansen et al., 2005) . In order to analyse the pattern of markers transferred between strains by conjugation, we constructed parental strains containing multiple silent markers in their chromosomal pyrE gene. The resulting two strains, r64c2 and r64h3, each contains a block of closely spaced, silent markers from pSaPEv3, plus an additional mutation, different in each case, that inactivates pyrE (Table 1) . Each of these strains was mated individually with strain MR31, and the mixtures were plated on selective medium without intervening growth in liquid. Each Pyr + colony should accordingly represent an independent DNA transfer-and-recombination event, which was supported by the fact that the 72 recombinants analysed represented at least 39 distinct genotypes.
In the r64c26MR31 mating, the two selected markers were only 98 bp apart, resulting in a sharp transition of marker frequency over this relatively short interval (Fig. 4a) . Immediately to the right (39) side of this central region, a large proportion of r64c2-derived tracts terminated with the r64c2 selected marker (Fig. 4a, c) . Farther outside this region, in both directions, marker frequency remained rather constant, however, with .75 % representation of the parent donating the nearest selected marker (Fig. 4a) . In the other mating (r64h36MR31), the selected markers were 235 bp apart, resulting in a wider and more uniform transition between them (Fig. 4b) . The overall pattern of incorporation was similar, however, and included relatively sharp declines of r64 silent markers close to the r64 selected marker, but plateaus extending further out to the boundaries of the marked interval (Fig. 4b, d ). 
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To facilitate analysis, we grouped the recombinants into four classes based on their patterns of markers. Members of class I retained markers in the left-hand (59) portion of pyrE from the r64 derivative and those in the right-hand (39) portion from strain MR31 (Fig. 4c, d ). The fact that this was the largest class implies that S. acidocaldarius conjugation normally transfers at least 270 bp of chromosome between cells, as this was the smallest segment of either parental chromosome capable of generating most class I recombinants. Recombinants of class II had r64-derived markers only in short tracts covering the corresponding selected site (Fig. 4c, d ), whereas class III defined the converse pattern, i.e. short tracts of MR31 markers covering the converse selected site. Class-IV recombinants were defined by multiple short replacement tracts within the marked interval (Fig. 4c, d) ; in most cases, the source of markers outside these tracts differed at the two ends, as in class I. The relative abundance of class-IV recombinants was unexpected, since they have at least two independent recombination tracts ( Fig. 4c, d) . Although donor and recipient alleles cannot be distinguished with confidence in exconjugants, isolated markers are unambiguous, and their average incidence was *Sulfolobus data are from this work; remaining data are from published studies: Saccharomyces cerevisiae (Datta et al., 1997) , Mus musculus (Elliott et al., 1998) , Arabidopsis thaliana (Opperman et al., 2004) , Physcomitrella patens (Trouiller et al., 2006) , Trypanosoma brucei (Bell & McCulloch, 2003) , Escherichia coli (Lovett & Feschenko, 1996) . DEfficiency of recombination between diverged DNAs, relative to DNAs of identical sequence. (Kurosawa & Grogan, 2005) , provides the basis for disrupting other S. acidocaldarius genes (Sakofsky et al., 2011) ; furthermore, corresponding phenomena have been documented in S. islandicus and S. solfataricus, and developed into effective gene-disruption techniques (Zhang et al., 2010; Maezato et al., 2011) .
In the present study, quantitative, high-resolution assays revealed for the first time how several substrate properties influence HR between introduced DNAs and the S. acidocaldarius chromosome. None of the effects we observed requires a crossover (DSBR) mode of recombination, whereas several of them seem to contradict such a pathway. In particular, the effects of manipulating DNA circularity were not those predicted by reciprocal exchange; a pyrE plasmid gave lower yields of transformants, and cotransferred fewer non-selected markers, as an intact circle than as 'ends-out' restriction fragments. Furthermore, the location of double-strand breaks (DSBs) within the homologous interval exerted greater influence than predicted by DSBR: placing the DSB to the left-hand (59) chromosome, whereas placing a DSB on the opposite side did not. A cut made a few bp beyond the 59 end of pyrE increased transformation almost as much as a cut just within the gene, but DSBs placed near the middle of the vector sequences had no such effect. The placement and nature of the DSB in these experiments was constrained by the distribution of suitable restriction sites, but blunt-end cuts could be made at strategic locations, thereby eliminating different end structures as a variable. Consequently, however, these experiments did not resolve whether the end structures of linear DNAs influence their ability to recombine with the Sulfolobus chromosome. Current models of DSBR in bacteria and eukaryotic cells (Ayora et al., 2011; Mimitou & Symington, 2009) suggest that the relatively subtle differences generated by different restriction endonucleases would be obscured by the extensive endprocessing which generates the long, recombinogenic 39 tails for HR, but whether this applies to Sulfolobus species remains to be addressed in future studies.
Increasing the length of donor DNA by threefold increased the co-transfer frequency (linkage) at the boundaries of the marked interval. Even under these conditions, however, linkage was only~50 % at sites approximately 400 bp from the selected marker. Very shallow marker gradients were seen in exconjugants, where co-transfer efficiency remained nearly constant as a function of distance outside the selected markers. It is interesting to speculate that this similarity between the shallow marker gradients made by the longer transforming DNAs and the 'linkage plateaus' of exconjugants ( Fig. 2b vs Fig. 4 ) may reflect the transfer of relatively long chromosomal intervals by conjugation, but this, also, awaits direct confirmation.
Although distance from the selected marker influenced the efficiency of transfer, as shown by the marker gradients, the local sequence (or other properties associated with absolute position) within the S. acidocaldarius pyrE gene exerted an unexpectedly strong influence on the continuity of recombination tracts. The recombination events that displaced a frameshift mutation (G inserted between Ts at positions 446 and 447 of the wild-type pyrE sequence) were especially patchy; furthermore, some of these recombinants failed to incorporate a silent marker next to the selected position (Fig. 2a) . These latter events thus provided a remarkable example of HR in which adjacent base-pairs exhibited only 90 % genetic linkage.
This modulation of recombination properties by changing the selected region contrasts with the observed constancy of recombination in the face of varying sequence divergence. Our analyses of S. acidocaldarius HR detected no evidence of a regulatory function like that of conventional MMR (mismatch repair) systems, i.e. one that exhibits (i) large attenuation of HR (efficiency decreased by 3-to 500-fold), and (ii) low densities of sequence differences needed to trigger these penalties (Table 3) , despite the fact that the assays varied sequence divergence from 0 to 4.1 % and measured co-transfer of a distal neutral marker as well as overall efficiency. This result has mechanistic implications for HR in S. acidocaldarius. To the extent that the events detected by our assay require extensive strand exchange or branch migration, neither process seems to be impeded by multiple mismatches, in contrast what occurs in most eukaryotic or bacterial recombination (Evans & Alani, 2000; Lovett & Feschenko, 1996) . Alternatively, to the extent that marker transfer in Sulfolobus results from localized excision and resynthesis events within a heteroduplex (Mao & Grogan, 2012) , a cluster of mismatches did not destabilize the heteroduplex enough to lengthen the excision tracts, contrary to what has been observed in S. cerevisiae (Nickoloff et al., 1999) .
The fact that a DSB in the donor DNA on the 59 side of the selected region generates more Pyr + recombinants than one on its 39 side suggests an asymmetry which is not intrinsic to most HR pathways in bacteria and eukaryotes (Kuzminov, 2001; Kreuzer, 2005; Aylon & Kupiec, 2004; Haber et al., 2004) , and thus represents a potentially informative feature of HR in S. acidocaldarius. An even stronger asymmetry occurs in transformation of S. acidocaldarius by ssDNA: for most pyrE mutations, an oligonucleotide representing the transcribed (i.e. minus) strand generates 10 to 100 times more transformants than its complement does (Kurosawa & Grogan, 2005; Grogan & Stengel, 2008; C. Sakofsky & D. Grogan, unpublished) . Strand bias occurs commonly in bacterial and eukaryotic OMT (Li et al., 2003; Kow et al., 2007) , and is attributed to a requirement for a complementary, single-stranded region of the recipient genome to which the donor can anneal. These chromosomal gaps are thought to arise between Okazaki fragments, because the direction of replication fork progress through the locus in question determines the direction of strand bias (Li et al., 2003; Kow et al., 2007) .
Chromosome replication is not confirmed to be the primary source of strand bias in S. acidocaldarius, but initiation at strand-specific, single-stranded gaps does provide an attractive working hypothesis for HR between linear DNA and the chromosome. Besides unifying OMT mechanistically with a range of other recombination events in S. acidocaldarius (and with OMT in bacteria and eukaryotes), this hypothesis seems able to explain two unexpected observations regarding circular constructs. The first, seen here and in previous studies (Kurosawa & Grogan, 2005) , is that the pyrE gene was a less effective donor in an intact circular DNA than when excised from it, which seems fully consistent with the topological difficulty of annealing intact, circular dsDNA to a short chromosomal gap. The second observation is the asymmetry noted above, i.e. a single cut in the circular form increased the yield of recombinants when made on the 59 side, but not the 39 side, of the selected marker (Fig. 1d) . This can be explained by a combination of events, i.e. processing of the ends of linear donor DNA to generate relatively long 39 extensions, followed by preferential annealing of the minus-strand sequences to the S. acidocaldarius pyrE region. While this processing has not been documented Sulfolobus recombination directly, it typifies HR mechanisms in bacteria and eukaryotes (Ayora et al., 2011; Mimitou & Symington, 2009) , and S. acidocaldarius encodes necessary helicase and exonuclease activities (Constantinesco et al., 2004) . Regardless how 39 single-stranded tails may be generated in S. acidocaldarius, only one of them will correspond to the minus strand preferred for initiating HR at pyrE; this fact distinguishes BstZ17I-linearized from HpaI-linearized pSaPEv3 (Fig. 1d) . In the former, the recombinogenic (minus strand) tail would be separated from the selected marker by the rest of the construct, so that its annealing to the chromosome would not easily generate a selectable recombinant. In the latter, however, the recombinogenic tail would be next to the selected marker, thus facilitating its incorporation.
